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Abstract Introduced rainbow trout Oncorhynchus
mykiss have invaded many headwater streams in South
Africa’s Cape Fold Ecoregion (CFE) and pose
arguably the greatest threat to several species of
threatened native fishes. Trout impacts in these
systems appear to be density-dependent; we hypoth-
esized that temperature is a key factor determining
trout density and corresponding impacts on native
fishes. We took advantage of natural spatial and
temporal thermal heterogeneity in two CFE headwater
streams to investigate the influence of temperature and
other environmental factors on trout density and
impacts on native fish assemblages. Temperature
limited trout density (negative relationship) during
summer surveys (hottest months), but not during
spring and autumn (cooler months). During summer,
the highest trout densities were recorded at sites that
remained relatively cool (7-day moving average of the
daily maximum temperature (Max_7)\ 27 C),
while trout were generally absent from relatively
warm sites (Max_7[ 27 C). Native fish density was
best explained by trout density (inverse relationship)
during summer, but by other environmental variables
such as habitat complexity and current flow velocity
during autumn and spring. Trout distributions expand
during cooler seasons when thermal heterogeneity and
maximum temperatures are relatively low, but con-
tract into thermal refugia (habitat patches that remain
relatively cool) as temperatures and thermal hetero-
geneity increase over summer, leaving warmer habitat
patches vacant and able to function as predation
Electronic supplementary material The online version of
this article (https://doi.org/10.1007/s10530-018-1747-7) con-
tains supplementary material, which is available to authorized
users.
J. M. Shelton (&)  B. R. Paxton  H. F. Dallas
Freshwater Research Centre, Office 23, Imhoff Farm,
Kommetjie, Cape Town, South Africa
e-mail: jeremy@frcsa.org.za
J. M. Shelton  K. J. Esler
Department of Conservation Ecology and Entomology,
Centre for Invasion Biology, Stellenbosch University,
Stellenbosch, South Africa
J. M. Shelton  O. L. F. Weyl
DST/NRF Research Chair in Inland Fisheries and
Freshwater Ecology, South African Institute for Aquatic
Biodiversity, Grahamstown, South Africa
O. L. F. Weyl
Centre for Invasion Biology, South African Institute for
Aquatic Biodiversity, Grahamstown, South Africa
N. D. Impson
CapeNature Scientific Services, Stellenbosch, South
Africa
H. F. Dallas
Nelson Mandela Metropolitan University, Port Elizabeth,
South Africa
123
Biol Invasions (2018) 20:2927–2944
https://doi.org/10.1007/s10530-018-1747-7(0123456789().,-volV)(0123456789().,-volV)
refugia for native fish. We hypothesize that climate
warming could reduce trout density and distribution,
and associated impacts on native fish, in CFE head-
water streams, but may increase the potential for
invasions by other warm-adapted non-native preda-
tory fish already established in downstream river
reaches in the region.
Keywords Climate change  Invasive species 
Endemic freshwater fish  Thermal refugia  Predation
refugia
Introduction
Invasive species and climate change rank among the
greatest threats facing the world’s ecosystems over the
next century, but are usually studied independently
(Fey and Herren 2014). Studies of the interplay
between these threats often reveal synergistic effects
whereby the spread, establishment and impacts of
introduced species are facilitated by climate change
(Rahel and Olden 2008). How individual native and
non-native species respond to climate change will
depend on various factors including their evolutionary
histories, behavioural and physiological adaptabilities,
thermal preferences and tolerances (Cassie 2006).
Responses will probably be strongly context-depen-
dent, and different species might experience range
shifts, expansions or contractions (Buisson and Gre-
nouillet 2009). Freshwater ecosystems are especially
vulnerable to the effects of climate change (Wood-
ward et al. 2010) and accurate predictions about
impacts on native species, non-native species and their
interactions should be underpinned by a species-
specific understanding of responses to anticipated
climate change effects (Moyle et al. 2013; Dallas and
Rivers-Moore 2014).
In the Cape Fold Ecoregion (CFE) of South Africa,
non-native predatory fish introduced over the last two
centuries for angling have had serious negative
impacts on the abundance and distribution of several
native fish species (Ellender et al. 2017). Many of
these non-natives (e.g. the black basses Micropterus
spp.) are adapted to relatively warm, low-lying
habitats and have all but eliminated once abundant
native fish populations from such areas (Ellender et al.
2017). Moreover, the middle and lower reaches of
most rivers are moderately to severely degraded
because of other impacts like water extraction, sedi-
mentation and pollution (Shelton et al. 2017a). This
has resulted in highly fragmented native fish popula-
tions and a common situation now is to find small,
isolated pockets of native fish upstream in mountain-
ous headwater reaches of streams (Chakona and
Swartz 2012; de Moor and Day 2013). Thus, headwa-
ter habitats stand out as sanctuaries for populations of
endemic freshwater fish against the backdrop of the
region’s largely-degraded riverscapes (Shelton et al.
2015).
Rainbow trout Oncorhynchus mykiss, a predatory
salmonid introduced from the northern hemisphere in
the 1890s, is well adapted to environmental conditions
in these cooler headwater reaches and may now pose
the single greatest threat to the continued survival of
small-bodied native fishes which are now almost
entirely confined to headwater habitats (Ellender and
Weyl 2014). A recent survey of fish populations in
tributaries of the upper Breede River showed that
rainbow trout can have a strong, negative predatory
impact on native fish abundance and population
structure, and that impacts appear to be density-
dependent (Shelton et al. 2015). A sound understand-
ing of the factors controlling rainbow trout density in
these streams is thus needed to predict impacts of
climate change on native fish.
Salmonid densities and distributions are regulated
by a range of environmental factors including stream
bed stability, stream size, water quality, temperature
and flow regimes, other habitat factors correlated with
stream gradient and channel geomorphology, and
biotic resistance from native predators, competitors
and parasites/diseases (see review by Fausch 2007).
Rainbow trout is a stenothermic, cold-adapted species
(optimal temperature = 11 C, Clark et al. 2001) and
thus is generally restricted to the cooler headwater
reaches of CFE streams. Temperature may therefore
be a key factor in regulating rainbow trout distribu-
tions and abundance in CFE headwater streams.
Moreover, a * 2 C increase in mean water temper-
ature as predicted by Dallas and Rivers-Moore (2014)
for CFE stream environments over the next
30–50 years may be expected to have a negative
impact on rainbow trout populations in the region. On
the other hand, data on thermal preferences and
tolerances of the native small-bodied fish species
within the genera Galaxias, Sandelia and
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Pseudobarbus are scarce. However, these fishes are
known to occur in warmer downstream reaches of
streams in cases where invasive predators are absent,
suggesting that they may be better-adapted to warmer
temperatures than are rainbow trout.
We hypothesize that temperature is a key variable
in determining the density and distribution of rainbow
trout and associated impacts on native fish populations
in CFE headwater streams. Specifically, we predict
that temperature is a key variable explaining spatio-
temporal variation in rainbow trout density, and that a
negative relationship exists between trout density and
water temperature in CFE headwater streams. A
second prediction is that temperature mediates the
impact of rainbow trout on native fish abundance, with
the strongest impacts on native fish resulting where
water temperature remains relatively low, and weaker
impacts expected where relatively high temperatures
occur. We took advantage of the natural spatial and
temporal thermal heterogeneity in CFE headwater
streams to determine the influence of temperature on
rainbow trout, native fish and interactions between
them (sensu Petty et al. 2012). The results are then
used to speculate on the consequences of climate
warming for these (and other) native and non-native
species and their interactions in the CFE.
Methods
Study area
This study was conducted in headwater streams of the
Berg (upper Berg River and Assegaaibos River) and
Breede (Amandel River) Rivers in the CFE (Fig. 1).
These tributaries were selected because (1) they are
not seriously influenced by human activities, (2) they
exhibited high levels of spatio-temporal thermal
heterogeneity and (3) they contain populations of
native fishes and rainbow trout (but no other non-
native fish). The climate is Mediterranean with a mean
annual rainfall of * 800 mm. Natural vegetation is
predominantly Sandstone Fynbos, and riparian vege-
tation is dominated by broad-leaved woody species
including perennial shrubs and small trees. The
geology is dominated by hard, quartzitic sandstones
of the Table Mountain group, and the streams flowing
over this stratum are acidic, oligotrophic and low in
dissolved solids (de Moor and Day 2013). Both
streams are generally\ 10 m wide,\ 1 m deep and
comprise sections of alternating pool, run and riffle
habitats. In the Amandel River the native freshwater
fish are the Breede River redfin Pseudobarbus
burchelli (henceforth ‘redfin’), the Cape kurper San-
delia capensis (henceforth ‘kurper’), and the Cape
galaxias Galaxias zebratus (henceforth ‘galaxias),
while S. capensis, G. zebratus and the Berg River
redfin Pseudobarbus burgi (henceforth ‘redfin’) inha-
bit the upper Berg River. Rainbow trout (henceforth
‘trout’) was introduced to the Berg and Amandel rivers
in the early 1900s for angling purposes and at now co-
occurs with native fish in both rivers. In addition to
trout, non-native predatory fish like black basses
Micropterus spp. and sharptooth catfish Clarias
gariepinus occur downstream of the study area in
both the Berg (Clark et al. 2009) and Amandel
(Shelton et al. 2017b) Rivers, where upstream invasion
appears to be prevented by weirs which act as physical
dispersal barriers.
Data collection
On a * 3 km stretch of each river we selected sites
that encompassed the broadest-possible range of
environmental and thermal conditions in each stream.
Sites comprised either pools or runs that were bound
by riffles on their upstream and downstream ends, and
were situated at least 100 m apart (Fig. 1). Water
temperature loggers (Hobo TidbiT v2), programmed
to record hourly temperatures, were installed in the
deepest part of each site during February 2015 using a
bracket and bolt to attach a steel cable to a large
boulder expected not to move during winter high
flows.
Fish populations were surveyed, and other relevant
habitat variables measured, in May 2015 (autumn),
October 2015 (spring), December 2015 (early sum-
mer) and February 2016 (late summer) (see Fig. 2).
The two-pass snorkel survey method (Ellender et al.
2012) was employed to estimate the densities of all
fish species present at each site. On completion of the
fish surveys, a set of environmental variables of known
importance to stream fish (based on McIntosh 2000),
was measured (see Online Resource 1 for
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abbreviations, units and a brief description of each
habitat parameter assessed). Site length, and the
wetted channel width at three evenly-spaced intervals
were measured (cm) along the length of the site with a
tape measure. We then measured water depth (cm),
substrate length (mm), flow (m/s), canopy cover (%)
and instream cover (%) at three equidistant points
along each width transect. Maximum depth (max
depth) was measured in the deepest location at each
site and average flow of the water column was
measured at each point with a digital flow meter.
The percentages of canopy and instream (proportion
of stream bed with physical features that could
potentially conceal fish) cover were estimated visually
at each site. Dissolved oxygen (DO: mg/l) was
recorded at three random locations within each site.
The spatial coordinates of each site were recorded with
a GPS, and site elevation was ascertained from
digitized topographic maps.
Fig. 1 Location of the Berg and Breede Rivers in the Cape Fold Ecoregion (a), study reaches and sampling sites on the upper Berg (b,




































































































Fig. 2 Example of thermographs from two sites on the Berg
River that experience different maximum temperatures (Max_7)
during summer. Site B24 is close to the downstream end of the
study area (Fig. 3) and experienced relatively high summer
temperatures, while site B2 further upstream remained rela-
tively cool throughout the year
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Data analysis
The maximum weekly allowable temperature
(MWAT) is commonly-used to measure the influence
of temperature on fish distributions and physiologies
in streams (Dallas 2008), and indicates a species’
chronic stress threshold (Ellender et al. 2016). The
metric integrates the optimum temperature (OT) and
incipient lethal upper temperature (ILUT) for a species
as follows:
MWAT ¼ OT þ ILUT  OTð Þ
3
Fig. 3 Fish densities (100 m-2) and temperature (Mean_7 ±
max and min temperature, C) at the 26 sampling sites on the
Berg River, and 25 sites on the Amandel River during May 2015
(autumn), October 2015 (spring), December 2015 (early
summer) and February 2016 (late summer). Red data points
indicate occasions where the chronic stress threshold (MWAT)
for rainbow trout (sensu Brungs and Jones 1977) was exceeded,
while green data points indicate sites that remained below the
chronic stress threshold for that season. Explanations of sites
with no data can be found in Table S1
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For rainbow trout, 18.2 C is a conservative estimate
of the chronic stress threshold value (OT = 14.0 C;
ILUT = 26.5 C) (Brungs and Jones 1977), which can
be related to the average daily mean temperature of the
seven warmest consecutive days (Mean_7) over the
period of interest (sensu Rivers-Moore et al. 2013a,
i.e. the 7-day moving average of the daily mean
temperature). Thus, Mean_7 values were estimated for
each site in the Berg and Amandel Rivers, using
temperature data recorded from the month preceding
the fish surveys, to assess the seasonal suitability of
each site for trout. These values (as well as the
minimum and maximum temperature for that month)
were then overlaid onto fish density estimates for each
site to gauge how well trout distributions in the study
streams conformed to the chronic stress threshold
(Ellender et al. 2016).
Relationships between trout density and thermal
and environmental predictors for each river and season
were investigated using distance-based linear models
(DISTLM, Anderson et al. 2008). This approach
allowed us to evaluate the seasonal importance of
temperature versus other environmental variables on
trout and native fish densities in each system (sensu
Buisson et al. 2008). DISTLM is a non-parametric
multivariate multiple regression technique for analys-
ing and modelling the relationship between one or
more response variables (as described by a resem-
blance matrix) and a set of biotic and/or abiotic
predictor variables (Anderson et al. 2008).
The mean depth, substrate particle length, flow
velocity, canopy cover and instream cover were
estimated from the nine measurements taken along
transects at each site. Maximum depth, elevation and
site width estimates were based on a single measure-
ment, and mean dissolved oxygen concentration from
the three measurements taken at each site. The hourly
temperature data for the month preceding each survey
were converted into seven thermal metrics including
maximum temperature, minimum temperature, mean
temperature, the standard deviation of the mean
temperature, temperature range, a 7-day moving
average of the daily mean temperature (Mean_7) and
a 7-day moving average of the daily maximum
temperature (Max_7). The choice of temperature
metrics included in this analysis was based on the
thermal characteristics of rivers considered to have the
greatest influence on aquatic biota (Rivers-Moore
et al. 2013b; Dallas and Rivers-Moore 2014). In total,
this resulted in a set of nine habitat, and seven thermal,
parameters which were used as predictors of trout and
native fish densities for each river and season (see
Online Resource 1). Trout density was included as an
additional predictor variable in models for native fish
densities.
Environmental and thermal predictors were
checked for multicollinearity, and in cases where
two or more variables were highly correlated (Pear-
son’s correlation coefficient r exceeded 0.70), only
one variable was retained for further analysis (Ander-
son et al. 2008; Budaev 2010) (see Online Resource 2).
The distributions of the refined set of predictor
variables, as well as the response variables ‘trout
density’ or ‘native fish density’, were then examined
using draftsman plots and variables with skewed
distributions were transformed [ln(x ? 1) or arcsin-
square root for % parameters]. Resemblance matrices
were calculated using Euclidian distance, which is
appropriate for models assessing the influence of
environmental factors on a single response variable
(Anderson et al. 2008).
A step-wise procedure with the AICc selection
criterion (Akaike’s Selection Criterion for small
sample sizes, Burnham and Anderson 2002) was used
to identify the combination of predictors that produced
the most parsimonious model explaining the variation
in trout and native fish densities among sites for each
river and season. Simple linear regressions were then
used to investigate relationships between response
variables and any selected predictors explaining a
significant proportion of variation in the final model.
No models were built for galaxias given that they were
absent from * 95% of the sites surveyed, and their
low densities where present (Fig. 3).
Finally, for the Berg River we plotted fish densities
at each site against temperature (Max_7) for sites with
trout only, native fish only and trout and native fish
together so as to visualise patterns in fish abundance
and assemblage composition in relation to tempera-
ture. The assumption being that sites with native fish
only are unsuitable for trout, that sites where trout co-
occur with native fish represent areas less suitable for
trout where their impact on native fish is relatively
weak, and sites with trout only represent habitats that
are optimal for trout where their impact is relatively
strong leading to the apparent disappearance of native
fish.
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All univariate analyses were carried out with SPSS
22.0 (SPSS 2014), and multivariate analyses were
performed using PRIMER-E (Clarke and Gorley
2006) with the add-on package
PERMANOVA? (Anderson et al. 2008).
Results
The number of sites sampled varied among seasons
because of instances where temperature loggers were
lost, where loggers were only installed after the first
survey in May 2016, where loggers became exposed to
air, or where sampling sites dried up altogether
(Online Resource 3). In the Berg River, 24 sites were
sampled in autumn, 18 in spring, 26 in early summer
and 25 in late summer. In the Amandel River, 20 sites
were sampled in autumn, 18 in spring, 20 in early
summer and 13 in late summer. Several of the
sampling sites on the Amandel River dried up during
summer including four in early summer and a further
six in late summer.
Thermal characteristics of sampling sites
and exceedance of the chronic stress threshold
for rainbow trout
Thermal heterogeneity was evident within both sys-
tems, both among seasons, and among sites within a
season (Figs. 2, 3). The thermal heterogeneity
between sites is illustrated by the comparison of the
thermal profiles at the Berg River sites B2 (low
variability) and B24 (high variability) in Fig. 2. In the
Berg River, water temperature ranged from an instan-
taneous high of 32.0 C (site B26) in late summer to a
low of 10.0 C (site B25) in spring. In the Amandel
River water temperature ranged from 30.9 C (site
A4) in late summer to 10.4 C (site A24) in spring. In
both rivers water temperatures only exceeded 25 C
for\ 10% of the time over an annual cycle, and\
35% over the hottest month, January.
In the Berg River, Mean_7 values ranged from 17.6
to 23.8 C in late summer to 14.1–15.1 C in spring. In
the Amandel River the Mean_7 values ranged from
20.8 to 23.1 C in late summer to 14.9–16.8 C in
spring. Thermal heterogeneity among sites within
systems was most pronounced during the summer
surveys. In the Berg River, Mean_7 values fell below
the chronic stress threshold for trout (18.2 C) at all
sites during the autumn (Fig. 3a) and spring (Fig. 3b)
surveys. In early summer, the threshold was exceeded
at all but the upper-most four sites (chronic stress
threshold exceeded at 85% of sites, Fig. 3c), and by
late summer only the top two sites remained below the
threshold (chronic stress threshold exceeded at 92% of
sites, Fig. 3d). In the Amandel River, 63% of sites
exceeded the chronic stress threshold in Autumn
(Fig. 3e), but no sites exceeded it during spring
(Fig. 3f). Only two of the sites fell below the threshold
during early summer (chronic stress threshold
exceeded at 95% of sites, Fig. 3g), and by late summer
the threshold had been exceeded at all sampling sites
(Fig. 3h).
Unexpectedly, trout, while present at most of the
sites where the threshold was not exceeded (Berg
River = 96% of sites, Amandel River = 93% of sites),
was also present at many of the sites where the
threshold was exceeded (Berg River = 64% of sites,
Amandel River = 35% of sites). In the Berg River, the
highest trout density recorded was 68.8 fish 100 m-2,
and trout density remained relatively high (generally
above 3 fish 100 m-2) at the uppermost sites (B1–B9)
during all seasons (Fig. 3). Trout were present at 92%
of sites during autumn and 100% of sites during
spring, but only recorded at 60 and 72% of the sites
during early and late summer respectively (Fig. 3). In
the Amandel River, the highest trout density was 23.8
fish 100 m-2, but trout densities at sites in this system
rarely exceeded 5 fish 100 m-2. Trout were present at
65% of sites during autumn and 89% of sites during
spring, but only recorded at 40 and 15% of the sites
during early and late summer respectively (Fig. 3).
Influence of temperature and habitat on trout
density
Berg River
The models for trout density during autumn and spring
explained 87 and 68% of the variation in trout density
among sites respectively (Table 1). Both models
featured elevation (negatively correlated with mean
width, positively correlated with dissolved oxygen
concentration) as the top predictor, and trout density
was highest at sites with relatively high elevations,
narrow channels and high dissolved oxygen concen-
trations during both seasons. Elevation accounted for a
significant proportion of the variation in trout density
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during both the autumn (P\ 0.001, 76% variation)
and spring (P\ 0.001; 49% variation) surveys. Cur-
rent velocity (P = 0.020) and mean substrate length
(P = 0.007) also explained a significant, although
relatively small (\ 10%), proportion of the variation
in trout density during autumn, and trout density was
generally highest at sites with relatively large mean
substrate sizes and fast flows. Current velocity and
temperature (Mean_7) featured alongside elevation in
the final model for trout during spring, although
neither predictor explained a significant proportion of
the variation in trout density among sites. The models
for trout density in early and late summer both
explained 73% of the total variation in trout density
among sites (Table 1). Temperature (Max_7) was the
top predictor in the models for both early (P\ 0.001;
66% variation) and late (P\ 0.001; 64% variation)
summer, and was negatively related to trout density,
indicating that trout density was consistently highest at
the cooler sites (Fig. 4a). For both seasons Max_7 was
correlated with, and represented, other thermal metrics
including maximum, mean, standard deviation, range
Table 1 Test statistics for distance-based linear model
(DISTLM) analysis investigating relationships between trout
density and a set of predictor variables including nine habitat,
and seven thermal, predictors for autumn, spring, early summer
and late summer in the Berg and Amandel Rivers
Variable AICc SS F P Variation (%) Cumulative variation (%) Residual (df)
Berg River
Autumn
?Elevation - 28.5 19.02 69.15 < 0.001 0.76 0.76 22
?Mean flow velocitya - 32.87 1.53 7.11 0.02 0.06 0.82 21
?Mean substrate length - 38.42 1.34 8.45 0.007 0.05 0.87 20
Spring
?Elevation - 13.93 6.2 15.6 < 0.001 0.49 0.49 16
-Mean_7 - 14.66 1.17 3.38 0.091 0.09 0.59 15
?Mean flow velocitya - 16.05 1.21 4.23 0.07 0.1 0.68 14
Early summer
-Max_7 - 7.16 32.46 46.96 < 0.001 0.66 0.66 24
?Max deptha - 10.23 3.24 5.57 0.018 0.07 0.73 23
Late summer
-Max_7 - 1.37 35.36 41.22 < 0.001 0.64 0.64 23
?Dissolved oxygena - 6.12 5.02 7.51 0.019 0.09 0.73 22
Amandel River
Autumn
-Max_7 - 2.97 3.5 4.63 0.038 0.2 0.2 18
-Mean flow velocitya - 4.75 2.79 4.37 0.028 0.16 0.37 17
-Mean width - 5.1 1.75 3.07 0.102 0.1 0.47 16
Spring
?Max_7 - 3.64 2.53 3.59 0.07 0.18 0.18 16
?Max deptha - 8.89 4.11 8.61 0.007 0.3 0.48 15
Early summer
-Max_7 - 4.46 4.04 5.75 0.022 0.24 0.24 18
?Max deptha - 4.77 1.82 2.85 0.095 0.11 0.35 17
A step-wise procedure with Akaike’s Selection Criterion for small sample sizes (AICc) was used to identify the combination of
predictors that produced the most parsimonious model for each predictor variable. A ‘‘?’’ preceding a predictor indicates that the
direction of relationship between that predictor and the response variable is positive, and ‘‘-’’ indicates that it is negative
aIndicates that a variable was ln(x ? 1)-transformed
Bold value indicates a significant difference at a = 0.05
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and Mean_7 temperatures in the models. In addition to
temperature, maximum depth (P = 0.018, 18% vari-
ation) and dissolved oxygen (P = 0.019, 9% variation)
were positively related to trout density, and explained
lower, but still significant proportions of the variation
in trout density among sites during early and late
summer respectively.
Amandel River
The models for trout density during autumn, spring
and early summer explained 47, 48 and 35% of the
variation in trout density among sites respectively
(Table 1). No model was built for late summer in the
Amandel River because only 13 sites were sampled
and because only two of those sites contained trout
(Fig. 3). Temperature (Max_7) was the top predictor
of trout density, and explained a significant proportion
of the variation in trout density during autumn
(P = 0.038, variation 20%) and late summer
(P = 0.022, 47% variation), but not spring
(P = 0.070, 18% variation) (Table 1). In the models
for all seasons, Max_7 was correlated with, and
represented, other thermal metrics including maxi-
mum, mean, standard deviation, range and Mean_7
temperatures in the models. Other predictors featuring
in the autumn model included current velocity
(P = 0.028, 16% variation) and stream width
(P = 0.102, 10%). Both predictors were negatively
related to trout density indicating that trout densities
tended to be highest at narrow sites with low current
velocities. Maximum depth (correlated with mean
depth) featured alongside temperature in the models
for spring and early summer, and explained a signif-
icant proportion of the variation in trout density during
spring (P = 0.007, variation 30%), but not early
summer (P = 0.095, 11% variation). Trout density
was positively related to depth during spring indicat-
ing that trout density was consistently higher at deeper
sites during this season.
Influence of trout, habitat and temperature
on native fish density
Berg River
The models for redfin explained 34 and 23% of the
total variation in redfin density during autumn and
spring respectively (Table 2), and elevation (nega-
tively correlated with mean stream width, positively
correlated with dissolved oxygen concentration) was
the only predictor featuring in these models. Elevation
explained a significant proportion of the variation in
redfin density during both seasons (autumn:
P = 0.004; spring: P = 0.044, 23% variation), and
redfin density was consistently higher at lower-lying
sites (Fig. 3a, b) with relatively broad channel widths
and low dissolved oxygen concentrations.
Fig. 4 Linear relationships between (a) Loge trout density (fish
100 m-2) and temperature (C, Max_7) and (b) between Loge
native fish density (fish 100 m-2) on the Berg River during late
summer. The red shading indicates the highest value of Max_7
where trout was recorded
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Table 2 Test statistics for distance-based linear model
(DISTLM) analysis investigating relationships between native
fish (redfin and kurper) densities and a set of predictor
variables including nine habitat, and seven thermal, predictors
for autumn, spring, early summer and late summer in the Berg
and Amandel Rivers




-Elevation - 0.66 10.13 11.55 0.004 0.34 0.34 22
Spring
-Elevation - 13.97 1.86 4.69 0.044 0.23 0.23 16
Early summer
-Trout densitya 4.37 50.75 47.11 < 0.001 0.66 0.66 24
Late summer
-Trout densitya 14.73 68.2 41.75 < 0.001 0.64 0.64 23
Kurper
Autumn
-Elevation - 3.86 10.62 13.83 0.002 0.39 0.39 22
-Max deptha - 6.72 3.45 5.4 0.029 0.13 0.51 21
Spring
-Elevation - 41.98 1.04 12.48 0.005 0.44 0.44 16
?Canopy coverb - 44 0.32 4.73 0.044 0.13 0.57 15
Early summer
-Trout densitya 8.44 10.36 8.22 0.016 0.26 0.26 24
Late summer




?Instream cover 25.81 21.47 6.73 0.025 0.27 0.27 18
-Trout densitya 19.78 20.47 9.42 0.013 0.26 0.53 17
-Mean flow velocitya 16.54 10.14 6.05 0.042 0.13 0.66 16
Spring
?Instream cover 17.66 26.39 11.49 0.006 0.42 0.42 16
-Max_7 9.54 16.84 12.68 0.002 0.27 0.68 15
?Canopy cover 7.55 5.13 4.85 0.041 0.08 0.77 14
-Mean flow velocity 4.6 4.7 6.04 0.033 0.07 0.84 13
Early summer
?Elevation 26.83 17.48 5.2 0.042 0.22 0.22 18
?Max deptha 19.48 24.05 11.23 0.01 0.31 0.53 17
-Trout densitya 18.42 6.94 3.77 0.066 0.09 0.62 16
Late Summer
-Trout densitya 20.81 15.37 3.92 0.061 0.26 0.26 11
Kurper
Autumn
?Instream cover 13.41 7.76 4.52 0.056 0.2 0.2 18
-Mean flow velocity 13.14 4.4 2.82 0.11 0.11 0.31 17
Spring
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Models for kurper explained 51 and 57% of the total
variation during spring and autumn respectively, and
as for redfin, elevation was a top predictor of kurper
density during both seasons. Elevation, negatively
related to kurper density, explained a significant
proportion of the variation in kurper density during
both seasons (autumn: P = 0.002, 39% variation;
spring: P = 0.005, 44% variation), and kurper densi-
ties were consistently higher at lower-lying sites.
Maximum depth (correlated with mean depth) and
canopy cover also featured in the models for kurper
during spring and autumn respectively. During
autumn, kurper densities were negatively related to
depth (P = 0.029; 13% variation), and positively
related to canopy cover (P = 0.044; 13% variation).
Trout density was negatively related to redfin and
kurper densities, and was the only predictor included
in the models for native fish during both early and late
summer (Table 2), indicating a negative impact of
trout on the densities of native fish during summer
(Fig. 4b). Trout density explained a significant pro-
portion of the variation in redfin and kurper density
during both early (redfin: P\ 0.001, 66% variation;
kurper: P\ 0.016, 26% variation) and late (redfin:
P\ 0.001, 64% variation kurper: P\ 0.002, 43%
variation) summer.
Amandel River
The models for redfin density during autumn, spring,
early summer and late summer explained 42% and 33,
66 and 61% of the of the total variation in native fish
densities respectively (Table 2). On the other hand,
the models for kurper density during autumn, spring,
early summer and late summer accounted for only 11,
23, 21 and 21% of the total variation respectively
(Table 2), indicating a relatively large amount of
unexplained variation in kurper density. Instream
cover was the best predictor of redfin and kurper
densities in both autumn and spring. Redfin and kurper
densities were positively related to cover during both
autumn (redfin: P = 0.025, 17% variation; kurper:
P = 0.056, 20% variation), and spring (redfin:
P = 0.006, 42% variation; kurper: P = 0.049, 23%
variation), indicating that both species were consis-
tently more abundant in habitats with a relatively high
proportion of instream cover. The autumn model for
redfin density also featured trout density and current
velocity, and redfin were consistently more abundant
at sites with relatively low trout densities and slow
flows. In spring, the predictors temperature (Max_7),
canopy cover, and current velocity featured alongside
instream cover in the final model for redfin, and redfin
tended to be more abundant at sites that remained
relatively cool, had high canopy cover and low current
velocity.
The model for redfin density in early summer
included elevation (P = 0.042, 22% variation), max-
imum depth (P = 0.010, 31% variation) and trout
density (P = 0.066, 9% variation), and redfin were
more abundant at relatively deep sites with high
elevations and low trout densities. Trout density, the
Table 2 continued
Variable AICc SS F P Variation (%) Cumulative variation (%) Residual (df)
?Instream cover 3.91 5.1 4.76 0.049 0.23 0.23 16
Early summer
-Dissolved oxygen 22.74 12.98 4.74 0.017 0.21 0.21 18
?Max_7 20.49 10.99 4.88 0.041 0.18 0.39 17
-Min temp 15.2 13.2 8.42 0.017 0.21 0.6 16
Late summer
-Trout densitya 20.65 11.03 2.84 0.143 0.21 0.21 11
A step-wise procedure with Akaike’s Selection Criterion for small sample sizes (AICc) was used to identify the combination of
predictors that produced the most parsimonious model for each predictor variable. A ‘‘?’’ preceding a predictor indicates that the
direction of relationship between that predictor and the response variable is positive, and ‘‘-’’ indicates that it is negative
aIndicates that a variable was ln(x ? 1)-transformed
bIndicates that a variable was ArcsinH–transformed
Bold value indicates a significant difference at a = 0.05
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only predictor included in the model for redfin density
during late summer, was negatively, though not
significantly, related to redfin density (P = 0.066,
26% variation).
For kurper, current velocity featured in the autumn
model alongside instream cover, and kurper density
was negatively, though not significantly, related to
current velocity, indicating that they were somewhat
more abundant in habitats with relatively low flows.
Dissolved oxygen (positively correlated with mean
width and elevation) was the top predictor in the model
for kurper density in early summer, followed by
temperature (Max_7, and minimum temperature), and
all three predictors explained a significant proportion
in the variation in kurper density among sites
(dissolved oxygen: P = 0.017, 21% variation;
Max_7: P = 0.041, 18% variation; min: P = 0.017,
21% variation). Kurper densities were consistently
higher at warmer (high Max_7, low Min tempera-
tures), low elevation sites with relatively low levels of
dissolved oxygen and broad channel widths. Trout
density was the only predictor included in the late
summer model, but did not explain a significant
proportion of the variation in kurper density among
sites (P = 0.143, 21% variation). Regardless, kurper
density was consistently highest at sites with low trout
densities, which is consistent with the pattern seen in
the Berg River during summer.
Visualising patterns in fish assemblage structure
and temperature
During autumn and spring (Fig. 5a, b), sites from the
different fish categories did not separate out clearly
along an axis of Max_7, and thermal heterogeneity
among sites was relatively low. The highest trout
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Fig. 5 Distribution of sites with trout only, trout and native fish
together and native fish only along axes of maximum
temperature (Max_7 over the month preceding fish sampling)
during autumn, spring, early summer and late summer in the
upper Berg River. Plots on the left represent the densities of
trout, and plots on the right show the densities of native fish
(redfin, kurper and galaxias combined) at each site during each
season. Bubble sizes are scaled to fish densities. Orange bubbles
indicate sites with trout only, blue bubbles sites with both trout
and native fish present and grey bubbles sites with native fish
only
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densities were recorded at the sites with trout only
during both seasons, and there were no sites with only
native fish during the spring survey. In contrast, sites
from the different fish assemblage groups separated
out to some degree along the axis of Max_7 during the
summer surveys (Fig. 5c, d). The sites with trout only
were consistently associated with the lowest Max_7
values during both early (18.2–26.1 C) and late
(19.6–26.2 C) summer, and trout densities tended to
be highest at these sites. Sites containing both trout
and native fish were associated with intermediate
Max_7 values during both early (22.5–26.4 C) and
late (23.9–27.5 C) summer, and trout densities were
generally lower than at the trout only sites. Sites with
native fish only were associated with the highest
values of Max_7 for both early (24.2–27.5 C) and
late (26.7–29.6 C) summer, and the highest native
fish densities were recorded at these sites.
Discussion
Evaluating the susceptibility of aquatic species and
habitats to the effects of climate warming and non-
native species is essential for effective conservation
and management of freshwater systems (Rahel and
Olden 2008; Jones et al. 2013). Our results from 51
sites in two CFE headwater streams over four seasons,
support the hypothesis that water temperature is a key
factor explaining spatio-temporal variation in the
abundance of non-native rainbow trout, and the
strength of associated impacts on native fish popula-
tions that inhabit these streams. Specifically, we show
that temperature is a key predictor of trout density and
distribution, and that a negative relationship exists
between trout density and maximum water tempera-
ture during summer in both streams. Our data also
support the hypothesis that temperature mediates the
impact of trout on native fish abundance, in that the
strongest impacts on native fish were observed where
water temperature remains relatively low throughout
the year (and trout density correspondingly high), and
weaker impacts observed where relatively high tem-
peratures occur during the warmer summer months
(and trout density was correspondingly low, or trout
were absent).
Estimates of the thermal requirements and limits of
rainbow trout from studies in different geographic
regions are variable, perhaps due to local adaptation
(Myrick and Cech 2004), variation in thermal history
among river systems, differences in experimental
protocols among studies (Chen et al. 2015) or
differences in thermal metrics applied over different
time scales. However, when consistent thermal met-
rics and temperature scenarios are used across broad
geographic areas, it appears that trout thermal niches
are conserved, and in the Rocky Mountains (U.S.),
trout abundance consistently decreased where mean
summer stream temperatures exceeded MWAT
18–22 C (see Isaak et al. 2017). The negative
relationship between trout and maximum temperature
in summer in the CFE is broadly consistent with this
pattern, in that trout densities decreased steadily at
sites where summer temperatures exceeded 22 C
(Figs. 3, 4). We recorded trout at sites where summer
Max_7 values (based on 1 month of preceding thermal
data) reached 27.5 C in the Berg River and 27.1 C in
the Amandel River, but not at sites where Max_7
exceeded these values. Collectively our results indi-
cate that while trout in CFE streams are negatively
related to temperature, they can survive in habitats
where Max_7 reaches * 27 C, but not where the
Max_7 is higher.
In South Africa, mean annual air temperatures are
predicted to increase by 1.5–2.5 C along the coast
and by 3.0–3.5 C in the far interior by the period
2046–2065 (Schulze 2011). Predicted increases in air
temperature are likely to translate into increased
stream temperatures, which may have severe conse-
quences for stenothermic species like rainbow trout.
As summer maximum stream temperatures rise, so
will the proportion of CFE riverscape that exceeds a
Max_7 of 27 C during summer and essentially
becomes unsuitable for rainbow trout. Already, 36%
of sites surveyed in the Berg River exceeded 27 C
Max_7 during late summer in 2016, and this percent-
age is expected to increase with climate warming.
Interestingly, many of the habitat patches that
appear to function as thermal refugia for trout over
summer exceed the chronic stress threshold for
rainbow trout (Mean_7[ 18.2 C). This suggests that
fine scale thermal heterogeneity and refugia may
enable trout to over-summer in such habitats. Indeed,
the importance of thermal refugia resulting from
groundwater seeps, thermal stratification in slow-
flowing deeper habitats and shading from the riparian
zone or instream habitat features for trout during
summer have been documented elsewhere. Ebersole
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et al. (2001) showed that trout in stream reaches in
Oregon (USA) utilized thermal refugia resulting from
groundwater seeps that were 3–8 C colder than
ambient stream temperatures that surpassed their
upper thermal tolerance limits to survive over summer.
The availability of thermal refugia created by ground-
water seeps is expected to be negatively influenced by
increased temperature, decreased rainfall and an
associated drop in the water table (Frissell et al.
1996), which could potentially have negative conse-
quences for trout in CFR streams if they rely on cold
groundwater seeps to survive over summer. In the
CFE, Dallas and Rivers-Moore (2011) documented
significant fine-scale thermal variation among micro-
habitats in headwater streams, but the role of small-
scale, cold-water refugia in enabling trout to persist
over summer in the CFE remains to be studied.
Separating the influence of temperature from other
habitat factors, both natural and human-related, is
critical for accurately predicting changes in species
distributions in response to climate warming (Buisson
et al. 2008). Our study sites were in mountainous areas
where human impacts are minimal, and our analyses
considered a comprehensive suite of environmental
parameters that, in addition to temperature, are known
to influence fish distributions. Therefore, that maxi-
mum temperature emerged a top predictor in the
summer models for trout density in both the Berg and
Amandel Rivers highlights its importance in regulat-
ing trout density and distribution in these systems, and
potentially other similar systems in the CFE. The
inclusion of maximum depth and dissolved oxygen
levels in models for trout during the summer surveys is
consistent with the findings of Matthews and Berg
(1997), and highlights the importance of deep, well-
oxygenated habitats for rainbow trout during summer
in Californian stream pools.
Our results are broadly consistent with the findings
of Ellender et al. (2016) who showed that trout
distributions in the upper Keiskamma River system in
the Eastern Cape of South Africa were limited at low
elevations by high water temperatures, and that
rainbow trout may become increasingly susceptible
to localised extinctions if water temperatures increase.
Similarly, a relationship between increasing water
temperature and decreasing habitat availability for
trout has been documented in the US (Isaak et al.
2010), and concern is growing that trout populations
may be contracting into high-altitude cold water
refugia (Flebbe et al. 2006; Jones et al. 2013). The
best evidence for of range shifts or contractions comes
from studies based on revisits to historical survey sites
which have documented limited contractions at the
warm-edge, and expansions at the cold-edge, of
salmonid distributions (Eby et al. 2014; Al-Chokha-
chy et al. 2016). Headwater systems across the US
may actually be more resilient to climate warming
than previously thought because of annual snow melt
and large, ongoing inputs of cold groundwater, and
may thereby function as long-term cold water refugia
habitats for native trout populations as the climate
warms (Isaak et al. 2016).
Whether or not trout populations will be able to
persist as CFE headwaters warm from downstream up
is uncertain and could depend on the availability and
accessibility of suitable habitats upstream of their
present distribution. Habitat factors other than tem-
perature like flow (expected to decrease due to reduced
precipitation forecast for the CFE; Dallas and Rivers-
Moore 2014), productivity, substrate composition and
gradient in such reaches could also be important
determinants of the suitability in upstream reaches for
trout (Gibson-Reinemer et al. 2017). The trout pop-
ulations in our study streams extend beyond our upper-
most sites and future studies should examine upper
distribution limits and habitat suitability in such
reaches to better-understand whether these streams
are likely to continue supporting trout in the future.
The strong negative relationship between trout and
native fish densities in summer is consistent with the
findings of Shelton et al. (2015) who documented a
negative relationship between the density of trout and
native CFE fish species. Since summer trout densities
were best predicted by maximum temperature (nega-
tive relationship), our hypothesis that temperature
mediates the impact of trout on native fish in CFE
headwater streams is supported. Our data (Figs. 3, 5)
suggest that sites which remain relatively cool
(Max_7\ 27 C) provide favourable habitat for trout
over summer. Indeed, trout maintained relatively high
densities ([ 10 fish 100/m2) at such sites, and their
corresponding high impact on native fish appears
responsible for the absence of native fish at these sites.
On the other hand, native fish co-occurred with trout at
some of the sites that experienced higher Max_7
values during summer (Max_7: 22–28 C), presum-
ably because such habitats are less optimal for trout
resulting in lower densities and associated impacts on
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native fish. Then, the sites that experienced the highest
summer temperatures (Max_7: 24–30 C) had no trout
present at all, and also supported the highest native fish
densities, presumably due to lack of trout predation.
These patterns indicate that trout distributions in
these headwater streams expand during cooler seasons
(autumn, spring) when thermal constraints are relaxed
(maximum temperatures and thermal heterogeneity
among habitats are relatively low), and that during
such periods their impact on native fish may be
relatively widespread and severe. Then, as maximum
temperatures and thermal heterogeneity increase over
summer, they contract into thermal refugia (habitat
patches that remain relatively cool: Max_7\ 27 C)
leaving warmer habitats vacant to act as predation
refugia for native fish over summer (Fig. 5).
Interestingly, the availability of predation refugia
coincides with peak activity and spawning periods for
the native species (Ellender et al. 2017), potentially
allowing native fish abundances to replenish over the
warm summer months. Populations therefore persist
despite periods of high trout impacts during cooler
times of year when trout distributions again expand
and the proportion of trout and native fish in sympatry
increases (Fig. 5). This hypothesis suggests that native
fish may be better-adapted to high summer tempera-
tures (Max_7 values up to 30 C; Fig. 5) than are
trout, and that the warmest sites in these headwater
streams may function as predation refugia for native
fish during summer. The thermal tolerances of CFE
native fishes should be further investigated in future
studies.
In the Amandel River, native fishes appear to utilise
a different kind of refuge from trout predation during
cooler periods. During autumn and spring when trout
distributions expand, native fish were concentrated in
areas with relatively high proportions of instream
cover. Presumably this is a behavioral response to
avoid predation by trout, and similar responses to non-
native predators have been documented both locally
(Shelton et al. 2008) and elsewhere (McDowall 2006).
Instream cover (habitat complexity) may therefore be
a key factor facilitating co-existence between trout and
native fishes at times when temperature is not a
limiting factor for trout, a subject for future research.
Although we considered a range of habitat param-
eters alongside trout in our analyses of factors
explaining the observed fragmented native fish distri-
butions, we cannot rule out the possibility that some of
our sampling sites were historically devoid of native
fish prior to trout invasion. For example, it is possible
that the upper sites on the Berg River (sites B1–B7)
where trout densities were consistently highest, and
absence of native fish attributed to corresponding
strong trout impacts, were never inhabited by native
fishes at all because temperatures were too low,
because of a physical dispersal dispersal barrier, or
because of some other unmeasured habitat parameter.
However, we could not identify a native fish distribu-
tion barrier and suspect that native fishes were indeed
historically present at these sites because genera
Pseudobarbus, Sandelia and Galaxias have been
recorded where trout are absent in similar habitats,
and at greater elevations (and presumably colder
temperatures), in other CFE headwater streams (Shel-
ton et al. 2015). In the Amandel River native fish were
recorded at the upper-most sites (and observed several
kilometres upstream of our study area), suggesting that
historically they were likely present throughout the
study reach, and indicating that trout impact is
therefore the most plausible reason behind the
observed fragmented native fish distribution patterns
in that system.
Overall our findings contrast with the view of Rahel
and Olden (2008) that climate change is expected to
exacerbate non-native species impacts on native
species; a pattern that typically holds true in the
United States where introduced freshwater fishes
generally tolerate higher temperatures than do native
salmonids on which they prey, or with whom they
compete for resources (Hitt et al. 2016). For example,
temperature was identified as a key factor limiting the
distribution of introduced smallmouth bass M. dolo-
mieu, and associated impact on native Chinook salmon
Oncorhynchus tshawytscha in the Pacific Northwest
(US) (Lawrence et al. 2012). Thus, our finding that
climate warming may have a positive spin-off for CFE
native fishes at the expense of non-native trout was
unexpected and may be unique to Mediterranean
regions like South Africa where native species are
better-adapted to relatively harsh and unpre-
dictable aquatic environments. To our knowledge no
other studies exist documenting a similar pattern for
introduced rainbow trout.
In addition to rainbow trout, at least 15 other
species of non-native freshwater fish have established
in South Africa’s CFE (Marr et al. 2012), and negative
impacts of species like the sharptooth catfish and the
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black basses Micropterus spp. (both present down-
stream of our study reaches in both the Berg and
Amandel Rivers) on native freshwater fishes have
been documented (Ellender and Weyl 2014). Such
species have higher thermal preferences than do trout,
and could potentially invade warming headwater
habitats with negative repercussions for remaining
native fish populations. Thus, any habitat that native
fish ‘gain’ the cold-edge of their distribution if trout
populations contract upstream may be ‘lost’ at the
warm-edge of their distribution if warm-adapted non-
natives encroach further upstream. Warm-adapted
non-native fishes may therefore pose the greatest
future threat to the value of headwater habitats as
sanctuaries for native fishes, despite the fact that
rainbow trout is presently the most common non-
native species in these habitats at present.
In conclusion, high temperatures appear to limit
trout densities and distributions, and corresponding
impact on small-bodied native fish populations during
summer in headwater streams in the CFE—a novel
pattern given that climate change is generally expected
to exacerbate non-native species impacts on native
species (Rahel and Olden 2008), and may have the
unexpected outcome of benefiting threatened native
fish populations in CFE headwater streams.
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